A major antigenic region localized to the C-terminal part of the 55K glycoprotein of human cytomegalovirus (HCMV) was mapped using synthetic peptides. Analysis of the region with six sera from healthy anti-HCMV seropositive blood donors showed that the length of the reactive sequence varied between four and eight amino acids (aa). The shortest sequence recognized was VTSG (aa 793 to 801 of the 130K precursor protein), but most sera required the three or four residues C-terminal to this to react, giving a major site ofVTSGSTKD (aa 798 to 805). Using peptides immobilized on polyethylene pins, the importance of both interior (between aa essential for the binding of an antibody) and extension spacer residues was evident. Free peptides containing the reactive sequence were prepared for use in a conventional ELISA and optimal pH conditions for coating were determined. The best results were achieved at pH 2 to 3, which is in agreement with the advantageous net charge of these peptides at this low pH. Anti-HCMV positive sera showed a sensitivity of approximately 50% for both peptides on polyethylene pins and peptides coated onto plates.
Introduction
The glycoprotein B (gB) complex is an important component of the envelope of human cytomegalovirus (HCMV) as well as that of other members of the herpesvirus group. Herpes simplex virus type 1 (HSV-1) gB contains neutralizing epitopes and is thought to have fusogenic properties responsible for virus penetration into cells (Pereira et al., 1989) ; a similar function for the HCMV homologue has been proposed (Spear, 1985) . The HCMV gB gene encodes a 130K precursor protein (gpl30) which is thought to be cleaved by a cellular enzyme, giving rise to a C-terminal 55K glycoprotein, designated gp55 (Spaete et al., 1988) . The Mr of the gB complex has been shown to vary (Pereira et al., 1984; Britt, 1984; Britt & Auger, 1986; G6ncz61 et at., 1986; Landini et al., 1987; Mach et al., 1986; Cranage et al., 1986) , but its abundance in the virion and immunological importance make it likely that the same glycoprotein was detected in all investigations.
Within the 448 amino acids (aa) of gp55, which correspond to aa 461 to 907 of gB, neutralizing regions have been identified. Human and murine monoclonal antibodies (MAbs) showing HCMV neutralizing activity were shown to recognize both gpl30 and gp55 (Masuho et at., 1987 ; Cranage et al., 1986; Nowak et al., 1984; Utz et al., 1989) . In a study of human volunteers immunized with the attenuated HCMV Towne strain and challenged with the virulent Toledo strain, all sera showing neutralizing activity also reacted with the 55K to 58K protein derived from gB (G6ncz61 et al., 1989) .
The sites of HCMV gB which are recognized by neutralizing MAbs lie between aa 589 and 645 (Utz et al., 1989) , and aa 27 and 84 (Meyer et al., 1990) . Antisera with neutralizing activity have been obtained after immunization with separate fusion proteins containing aa 484 to 588, 645 to 700 and 780 to 907 (Kniess et al., 1991) .
Synthetic peptides are useful for localizing antigenic regions on viral proteins. Peptides have previously been used to examine antibody reactivity to viral components of, for instance, Epstein Barr virus (Middledorp & Meloen, 1988) , HSV-1 (Geerligs et al., 1988) , human T-lymphotropic virus/human immunodeficiency virus (HTLV III/HIV) (Wang et al., 1986) , papillomavirus (Dillner et al., 1989) and parvovirus B19 (Fridell et al., 1989) . Peptides representing gp41 of HIV-1 and the VP2 protein of parvovirus have proven to be applicable for diagnostic use.
Scanning for interesting antigenic regions of a protein can be done quite easily using peptides immobilized on polyethylene pins (pin peptides) (Geysen et al., 1987) . The aa sequence with which a specific antibody reacts can be determined using peptides which are identical to or at least mimic a linear epitope of the native protein.
However, localization of discontinuous epitopes with this technique is rather limited. We used this technique to scan gp55 and a major antigenic region was mapped. Peptides containing this region were also synthesized according to the method of Merrifield (1963) and used in an ELISA. However, in agreement with previous findings (Geerligs et al., 1988) , we had to determine the optimal pH conditions to obtain sufficient adsorption of the peptides to the plastic support.
A comparison of different types of microplates was also carried out to determine whether their peptidebinding capacity varied.
Methods
Peptide sequences. Sequences of peptides representing the characterized region are shown in Fig. 1 . The aa residues are numbered according to their position in uncleaved glycoprotein B.
Peptide synthesis. Synthesis was performed using methods described previously (Geysen et al., 1987) adapted to 9-fluorenylmethyloxycarbonyl (Fmoc) chemistry (Cambridge Research Biochemicals). Peptides were synthesized on polyethylene pins (96/holder) precoupled with Fmoc /3-alanine via hexamethylene diamine and acrylic acid. After piperidine treatment to remove the base-labile a-aminoprotecting Fmoc group, the pins were washed in dimethylformamide and methanol. Pentafluorophenyl or 3-hydroxy-3,4-dihydro-l,2,3-benzotriazene-4-one esters of the aa were used as acylating agents. After coupling of the final aa, terminal amino groups were acetylated and deprotection of side-chains was carried out using trifluoroacetic acid.
The peptide segments synthesized represented aa 451 to 907 of the HCMV strain AD169 gB sequence (Spaete et al., 1988) . Amino acid analysis (Institute of Biochemistry, Biomedical Center, University of Uppsala, Sweden) of the pin peptides (10 aa) indicated the total amount of residue to be 12 to 29 gg per pin. The aa ratios essentially corresponded to those expected.
Free peptides were prepared according to Merrifield (1963) with modifcations for simultaneous multiple peptide synthesis (Houghten, 1985; Houghten et al., 1986) . Amino acid analysis of the free peptides indicated a purity of 60 to 80%, which was confirmed by HPLC analysis. The peptides were not purified further prior to use. The mean purity of peptides produced by this technique has previously been found to be 84% (Houghten, 1985) .
Serum samples and immunoglobulins.
To investigate the reactivity of antibodies with the pin peptides, the following samples were used : two anti-HCMV immunoglobulins (Kabi, Sweden and the Finnish Red Cross, Finland), sera from 20 anti-HCMV seropositive blood donors (p 1 to p20) and sera from 20 anti-HCMV seronegative blood donors (n 1 to n20), Free peptides coated on ELISA plates were tested with sera from 30 anti-HCMV seropositive (p21 to p50) and 10 anti-HCMV seronegative (n21 to n30) blood donors.
Seroreactivity to HCMV antigen was measured as described previously (Sundqvist & Wahren, 1981) .
ELISA with pin peptides. Reactivity against pin peptides was tested in microtitre plates with the technique developed by Geysen et al. (1987) .
To avoid non-specific binding, the pins were preincubated with 1% bovine serum albumin (BSA) and 1% ovalbumin in PBS containing 0.1 X Tween 20. Sera were diluted 1:70 and immunoglobulins were diluted to a protein concentration of 0.5 mg/ml in PBS containing 0.5% BSA and 0.05 % Tween 20 (ELISA buffer) supplemented with 2 % dried milk. Samples were incubated under agitation at 4 °C overnight. After washing in PBS containing 0.05 % Tween 20, the pins were incubated for 1 h with alkaline phosphatase (ALP)-conjugated goat anti-human IgG (Sigma) diluted 1 : 700. Excess conjugate was removed by washing and the pins were placed in a substrate solution containing pnitrophenylene phosphate (PNP; Sigma). The enzyme reaction was stopped by removing the pins from the substrate solution and the absorbance (A) was measured at 410 nm. Following each assay the pins were sonicated in 0.1 M-sodium dihydrogen orthophosphate containing 1% SDS and 0-1% 2-mercaptoethanol to remove bound antibodies.
Conditions for ELISA with peptides coated on plates. In all experiments
the Maxisorp Immuno-Plate (Nunc) was used. The different brands and types of high binding microplates included in the evaluation of coating capacity were EIA/RIA plates and Fastbinder plates (Costar), M 129B and Immulon 4 (Dynatech), Highbinding plates and Highbinding modules (Greiner), and Maxisorp Immuno-Plates.
Soluble peptide was diluted to 20 gg/ml in coating buffer and 100 gl was added to each well. For the pH range of 2.1 to 6.6 a 0.1 M-sodium citrate buffer was used, and at pH 7.1 and pH 7.6 a 0.1 M-citrate phosphate buffer was used; coating at pH 8-1 to 9.6 was performed with a 0-05 M-sodium carbonate buffer. The plates were held at room temperature overnight and either used the next day or stored at 4 °C until use. After washing of the plates with 0.15 M-NaCI supplemented with 0.05% Tween 20, samples diluted 1:50 in ELISA buffer were added and the plates were incubated at 37 °C for 2 h. The plates were washed, ALP-conjugated goat anti-human IgG diluted 1:1000 was added and then plates were incubated at 37 °C for 2 h. Excess conjugate was removed by washing and the substrate PNP was added. After 30 min the enzyme reaction was stopped with 5 M-NaOH and the A4~0 was determined.
Results

Peptides synthesized on pins (i) Screening for reactive regions
Decapeptides, overlapping by five residues and spanning the entire sequence of gp55, were examined using two anti-HCMV immunoglobulins. Four seronegative blood donors were used as controls (n14, n16, n17 and n20). The major peak of reactivity was seen for peptide 797-806 and the second highest for peptide 552-561 (Fig.  2) . The region of aa 797 to 806 was selected for further investigation.
(ii) Reactivity with peptide 797-806
Peptide 797-806 was synthesized on polyethylene pins to examine its reactivity with further samples (Fig. 3) . 
(iii) Mapping of the antigenic region
Scanning of octapeptides overlapping by seven aa and covering aa 794 to 808 (DGTTVTSGSTKDTSL) was performed using six anti-HCMV-positive sera with known reactivity with this region (Fig. 4a) . The importance of an individual aa for antibody binding was investigated by sequential substitution of single residues with glycine (G) within the sequence between aa 798 and 805 (Fig. 4b) . The original G in position 801 was substituted with lysine (K).
It was confirmed that all six sera recognized a sequence located within aa 798 to 805. The binding patterns showed individual differences indicating that the reactive site could be described in more than one way. With the overlapping peptides all sera needed the entire octapeptide VTSGSTKD for maximum reactivity (Fig. 4a) . Substitution demonstrated the importance of spacer residues within the region (interior spacers) and between the solid support and the reactive aa (extension spacers; Fig. 4b ). Since the aspartic acid (D) could be substituted with G without significant loss of serum reactivity in five of six cases (Fig. 4b) , the D in the peptide appears to play a role mainly as an extension spacer. Fig. 4 (c) gives an interpretation of the role of individual aa.
Three samples (p6, p15 and p19) gave a distinct A~10 peak for peptide VTSGSTKD. Substitution within this peptide (aa 798 to 805) indicated only very weak reactivity with sera p6 and p19 when the serine (S) in position 800 was replaced, whereas this residue seemed to be of less importance for serum sample p 15. The D in position 805 seemed to be unimportant for the reactivity of two of the samples (p15 and p19). Samples p9 and pl 1 showed increasing reactivity with peptides containing various amino acids, with the major peak for peptide 798-505 (Fig. 4a) . The highest A410 value for pl 1 with substituted peptides was obtained when the S in position 800 was replaced whereas a lower peak was seen when the D in position 805 was replaced (Fig. 4b) . Quite the opposite was seen with sample p9 which showed a high peak when the D in position 805 was replaced, and lower peaks when the S in position 800 and the K in position 804 were replaced. Sample pl showed three pronounced peaks of reactivity (Fig. 4a) , with peptide 798-805 giving a somewhat higher value than the others. Using substitution it was obvious that sequence VTSG was essential for recognition (Fig. 4b) . 
Peptides coated on plates (i) Optimal coating pH
To investigate reactivity in a conventional ELISA, free peptides containing the antigenic region mapped above were prepared, and the optimal pH conditions for coating of these peptides were examined. Peptide gB51 (11 aa) was coated on plates over a broad pH range and tested with sera from anti-HCMV-positive blood donors. Maximum reactivity was obtained when coating was done at pH 2.1 to 3.1 and the lowest A41o values were seen when coating had been at pH 9-6; at this pH the peptide most probably did not adhere to the plate (Fig.  5a and b) . A seronegative sample used as a control gave low A~o values irrespective of the coating pH (Fig. 5 c) .
Similar results were obtained for the 20 aa long peptide, gB26 (data not shown).
(ii) Evaluation of microplates Different high binding microplates, with the exception of the Costar Fastbinder plate, appeared to have very similar capacities for adsorption ofgB51 in different pH conditions (Fig. 6) . The Fastbinder plate, consisting of the flexible material polyethyl therephthalate glycol, apparently failed to bind the gB51 peptide properly at any pH.
(iii) Reactivity with peptide gB51
The gB51 peptide was coated on plates at pH 2-6, 7.1 and 9.6 to determine the reactivity of 30 anti-HCMV- positive sera and 10 anti-HCMV-negative controls. The cutoff value for positive reactions was set as described previously. For gB51 coated at pH 2.6, the cutoff value was 0.439 which resulted in l 3 anti-HCMV-positive sera (43%) being positive. One seronegative sample (A410 0-447) was slightly above the cutoff value. Coating at pH 7.1 identified four anti-HCMV seropositive samples exceeding the cutoff value of 0.522, and of these two were reactive only after coating at this pH. Standard coating at pH 9-6 resulted in one seropositive sample, with a value slightly above the comparatively low cutoff value of 0.125. Consequently, a total of 15 anti-HCMVpositive samples (50%) and one anti-HCMV-negative sample showed reactivity with the gB51 peptide.
Discussion
In this study a major antigenic region on HCMV gp55 has been localized using synthetic peptides. An initial experiment with two anti-HCMV immunoglobulins indicated the main reactive region to be located within the sequence between aa 797 and 806 in the C-terminal part of the protein. This region was selected for further investigation and, by using short peptides immobilized on polyethylene pins, it was found to be recognized by 55% of anti-HCMV seropositive blood samples.
For use in a conventional ELISA, soluble peptides containing the reactive sequence were prepared, but proper reactivity was achieved only when a pH of 2 to 3 was used for coating. When coated at pH 2.6, 43% of anti-HCMV-positive sera from healthy blood donors reacted with peptide gB51 (aa 796 to 806). This percentage is not quite as high as that with the pin peptide 797-806, but coating at pH 7.1 gave two more reactive samples, perhaps because the coated peptide was presented differently. These results correlate well with those obtained using the pin peptide technique and different blood donors. However, one negative control was slightly above the cutoff value when coating was performed at pH 2.6.
In a study of human antibody responses to different HCMV structural proteins, 50 to 60% of the members of two categories, comparable to the healthy blood donors used in our work, showed IgG reactivity with a 55K protein (Landini et al., 1985) . If this protein is identical to gp55, which is likely, then this frequency of reactivity is similar to that found in our study. This could mean that the antigenic region within aa 797 to 806 is recognized by nearly all samples reactive with gp55. This has yet to be confirmed.
It has been shown that pH may be critical for the adsorption of certain peptides to microplates (Geerligs et al., 1988) . The optimal pH conditions for coating with peptides gB51 and gB26 show that there is a risk of missing antigenic regions because the pH of coating buffers is commonly in the range of neutral to basic. The binding interaction of high-binding polystyrene is based on ionic properties (negative charges) and/or hydrophobicity, whereas the ideal peptide antigen would be hydrophobic and/or positively charged. Peptides gB51 and gB26 are hydrophilic and, as seen in Fig. 1 , they both contain a K residue which is positively charged below pH 10.5. The peptides also contain a D residue which is negatively charged above pH 3.8 and may then counterbalance the former positive net charge of the peptide. This may explain why the coating efficiency, and thus the serological reactivity, has its peak at pH 2 to 3.
Other methods of increasing the efficiency with which peptides coat plates, are, for example, branching the peptide (Tam, 1988) , conjugation to a carrier molecule (Atassi et al., 1981) , conjugation to a ligand such as biotin with affinity for precoated avidin (Fischer & Merlin, 1990) , water-soluble peptidyl resin complexes (Kennedy et al., 1987) and covalent binding of peptides (Twining & Atassi, 1979 ).
The mapping technique described originally by Geysen et al. (1984) seems very useful for extensive studies of the influence of an individual aa in an epitope. When applying this technique to characterize the antigenic site further, we found reactivity to be directed mainly against the sequence VTSGSTKD (aa 798 to 805), with some variation between individuals. Fine mapping showed that the K residue at position 804 acted as an extension spacer with serum sample p9 exclusively and that the D residue at position 805 was needed as an extension spacer for samples p9, pll, p15 and p19. One plausible explanation for the extension spacer function is that the reactive residues of the pin peptide are distant enough from the solid phase for the binding sites to be fully exposed. This is one purpose of the precoupled fl-alanine, which in some cases seems to be insufficient. The S residue at position 800 seemed to function as an interior spacer, because it could be replaced with almost no affect on the reactivity of samples pl 1 and p9, and to a certain extent p15. Sample pl recognized the sequence VTSG, with the need for at least two extension residues in the Cterminal direction. In some cases the borderline between being a spacer or a residue essential for antibody binding is rather indistinct. Furthermore, it is most probable that spacer, because it could be replaced with almost no effect of the epitope, so that substitution could indirectly affect reactivity.
At position 802, a difference is seen between HCMV strains Towne (asparagine) and AD169 (serine). As shown by fine mapping the S residue at position 802 is necessary for most sera to recognize the sequence, and consequently there are clinical strains likely to contain an S residue in this position.
The predicted topology of the gp55 transmembrane region indicates that the N and C-terminal parts of the molecule could be on the same side of the membrane (Spaete et al., 1988) . If so, the antigenic region characterized could be exposed on the outer surface of the envelope with no need for antigen processing to elicit IgG reactivity.
